The subcellular localization of Ocrl, the inositol polyphosphate 5-phosphatase that is mutated in Lowe syndrome, was investigated by fluorescence microscopy. Ocrl was localized to endosomes and Golgi membranes along with clathrin, giantin, the mannose 6-phosphate receptor, transferrin, and the early endosomal antigen 1 endosomal marker in fixed cells. The endosomal localization of Ocrl was confirmed by live-cell time-lapse microscopy in which we monitored the dynamics of Ocrl on endosomes. GST binding assays show that Ocrl interacts with the clathrin terminal domain and the clathrin adaptor protein AP-2. Our findings suggest a role for Ocrl in endosomal receptor trafficking and sorting.
The subcellular localization of Ocrl, the inositol polyphosphate 5-phosphatase that is mutated in Lowe syndrome, was investigated by fluorescence microscopy. Ocrl was localized to endosomes and Golgi membranes along with clathrin, giantin, the mannose 6-phosphate receptor, transferrin, and the early endosomal antigen 1 endosomal marker in fixed cells. The endosomal localization of Ocrl was confirmed by live-cell time-lapse microscopy in which we monitored the dynamics of Ocrl on endosomes. GST binding assays show that Ocrl interacts with the clathrin terminal domain and the clathrin adaptor protein AP-2. Our findings suggest a role for Ocrl in endosomal receptor trafficking and sorting.
T he cellular function of the inositol polyphosphate 5-phosphatase Ocrl, which is mutated in patients with Lowe syndrome, is poorly understood. The complex phenotype of Lowe syndrome includes renal Fanconi syndrome, growth failure, mental retardation, cataracts, and glaucoma (1, 2) .
Ocrl is a member of the type II family of inositol polyphosphate 5-phosphatases that hydrolyze the 5-phosphate of inositol-1,4,5-trisphosphate, inositol-1,3,4,5-tetrakisphosphate, phosphatidylinositol-4,5-bisphosphate (PtdIns-4,5-P 2 ), and phosphatidylinositol-3,4,5-trisphosphate. Other members of this family include type II 5-phosphatase, synaptojanin-1, and synaptojanin-2 (3). The preferred substrate of Ocrl is phosphatidylinositol-4,5-bisphosphate, and this lipid accumulates in kidney proximal tubule cells from Lowe syndrome patients (4) . In addition to the 5-phosphatase domain, Ocrl also contains a RhoGap domain and an N-terminal region of unknown function.
Ocrl has been localized to lysosomes in kidney proximal tubule cells and to the trans-Golgi network (TGN) in fibroblasts (4, 5) . This localization is consistent with a role for Ocrl in lysosomal enzyme trafficking from the TGN to lysosomes. The activities of several lysosomal hydrolases are elevated in plasma from Lowe syndrome patients compared with age-matched controls (6) . Both the Ocrl substrate, PtdIns-4,5-P 2 , and its product, phosphatidylinositol-4-phosphate, have been implicated in the regulation of clathrin-coated vesicle (CCV) formation at the TGN (7-9). Mannose 6-phosphate receptor (M6PR)-bound lysosomal enzymes are recruited by AP-1 and GGA proteins into CCVs that transport them from the TGN to endosomes (10) . We therefore decided to study whether Ocrl is involved in intracellular trafficking, focusing particularly on the transport of lysosomal enzymes by the M6PR.
In this paper we show that Ocrl interacts with clathrin and colocalizes with clathrin on endosomal membranes that contain transferrin (Tf) and M6PR. By using time-lapse microscopy, we demonstrate that Ocrl and clathrin are associated with rapidly moving endosomal structures that increase dramatically in number and motility after serum stimulation. We also find partial colocalization of Ocrl with clathrin and the M6PR at the TGN, consistent with previous studies localizing Ocrl to the TGN (11).
kindly provided by Stuart Kornfeld. Cyan fluorescent protein (CFP)-cation-dependent-M6PR (CD-M6PR) was a gift from Suzanne Pfeffer (Stanford University, Stanford, CA). Lois Greene (National Institutes of Health, Bethesda) kindly provided the CFP-clathrin light chain construct. GST-clathrin terminal domain (TD) and Discosoma sp. red fluorescent protein (DsRed)-Clathrin light chain were kindly provided by Jim Keen (Thomas Jefferson University, Philadelphia).
GST Binding Assays and Western Blotting. GST or GST fusion protein (100 g) was bound to glutathione beads (Amersham Biosciences) and incubated with Ϸ500 ng of Ocrl or Ocrl AEANF mutant protein in assay buffer [25 mM Hepes, pH 7.2͞125 mM potassium acetate͞2.5 mM magnesium acetate͞1 mM DTT͞0.4% Triton X-100͞complete protease inhibitor mix (Roche, Gipf-Oberfrick, Switzerland)] on a rotator at 4°C overnight. Beads were washed four times with assay buffer before 2ϫ sample buffer was added.
GST-TD beads were incubated with lysates of HeLa cells transfected with Flag or GFP-tagged Ocrl in 10-cm plates. Cells were washed with PBS and then lysed on ice for 5 min in 25 mM Hepes (pH 7.2)͞100 mM NaCl͞1 mM DTT͞0.1% Saponin͞ complete protease inhibitor mix (Roche). Lysates were centrifuged for 15 min at 90,000 ϫ g in a TLA 45 rotor in a TL100 benchtop ultracentrifuge (Beckman Coulter). The final volume of lysate was 3 ml per plate. Cytosol (750 l) was incubated with GST-TD or GST beads. The mixture was incubated on ice for 1 h and stirred manually every 5-10 min. Beads were pelleted and washed once with lysis buffer without Saponin. Beads were spun through a 10% sucrose cushion, washed once with lysis buffer, and resuspended to a final volume of 90 l. Ninety microliters of beads and 90 l of unbound fraction (supernatant) were boiled in sample buffer, and 15 l was loaded onto an SDS͞ PAGE gel.
For Western blots, all primary antibodies were diluted in PBS with 0.1% Tween 20͞5% BSA͞0.02% NaN 3 . Secondary antibodies (Pierce) were diluted in 5% dry milk͞PBS with 0.1% Tween 20.
IF Microscopy. Cells grown on coverslips were fixed for 5 min with IF fixation buffer (10 mM Pipes, pH 6.5͞127 mM NaCl͞5 mM KCl͞1.1 mM NaH 2 PO 4 ͞0.4 mM K H 2 PO 4 ͞2 mM MgCl 2 ͞5.5 mM glucose͞1 mM EGTA͞4% paraformaldehyde) and then washed with Tris-buffered saline and solubilized with 0.5% Triton X-100 in PBS for 10 min. Primary and secondary antibodies were diluted in PBS͞0.1% Triton X-100͞5% BSA. Cells were incubated for 1 h with primary antibodies and for 30 min with secondary antibodies at 37°C. Washes after antibody incubations were performed by dipping coverslips into PBS 30 times. Cells were mounted in Prolong mounting media (Molecular Probes). Live-Cell Fluorescence Microscopy. Cos7 cells were transfected and cultured in DMEM plus 10% FBS. Eight hours after transfection, cells were trypsinized and plated on 25-mm glass coverslips (assistant grade, Carolina Biological Supply) at 2 ϫ 10 4 cells per coverslip. Twelve hours after transfection, cells were transferred to DMEM plus 0.1% BSA and serum-starved overnight. Cells were imaged between 24 and 36 h posttransfection. For imaging, coverslips were transferred to a custom-built coverslip holder, overlayed with 500 l of Leibovitz's L15 medium plus 0.1% BSA, and transferred to the stage of a Nikon Eclipse TE2000-S inverted microscope. The coverslip holder was then covered with a 60-mm Petri-dish lid to prevent evaporation. The microscope was fitted with a custom-built acrylic incubating chamber to maintain a constant 37°C imaging environment. For all experiments, a 60 ϫ 1.4 numerical aperture oil-immersion objective and 37°C immersion oil (Cargille Type 37, SPI Supplies, West Chester, PA) were used. Images were captured by using a Coolsnap-ES camera (Roper Scientific, Tucson, AZ). Exposure of cells to light was minimized by using a computer-controlled mechanical shutter (Lambda 10-2, Sutter Instruments, Novato, CA) placed in the excitation light path. For simultaneous imaging of CFP, GFP, and DsRed͞Alexa 568, a single dichroic mirror was used (86006, Chroma Technology, Rockingham, VT), and excitation and emission filter wheels (Lambda 10-2, Sutter Instruments) were used to change excitation and emission filters. METAMORPH software (Universal Imaging, Downingtown, PA) was used to control all imaging components and for postacquisition image analysis. For serum stimulation of cells, 500 l of 37°C Leibovitz's L15 medium plus 20% FBS was added to the coverslip chamber and mixed with the existing Leibovitz's L15 medium by gently pipetting up and down.
Results

GFP-Ocrl Localizes to Perinuclear Golgi Membranes and Endosomes.
When expressed at low to moderate levels in Cos7 cells, the bulk of GFP-Ocrl localizes to perinuclear membranes, consistent with a Golgi localization first described by Olivos-Glander et al. (14) . Giantin, AP-1, CI-M6PR, and clathrin partially colocalize with GFP-Ocrl ( Fig. 1 and data not shown) . Interestingly, we also observed peripheral GFP-Ocrl punctae that overlap with EEA1, clathrin, and endocytosed Tf, indicating that Ocrl is located on endosomes ( Fig. 1) .
At high expression levels, GFP-Ocrl causes a redistribution of AP-1 and the CI-M6PR. Expression of GFP-Ocrl D499A, a mutant with no phosphatase activity (15) , has the same effect (Fig. 6 , which is published as supporting information on the PNAS web site). High levels of GFP-Ocrl expression can also result in the redistribution of the Golgi stack marker giantin (data not shown), indicating that Ocrl overexpression can even interfere with the structural organization of the Golgi apparatus.
Time-Lapse Microscopy of GFP-Ocrl in Cos7 Cells Reveals Punctae of Vesicular GFP-Ocrl That Increase in Number and Motility upon Serum
Stimulation. To characterize the subcellular localization of Ocrl further, we decided to image GFP-Ocrl in vivo. Cos7 cells were transiently transfected with GFP-Ocrl and serum-starved overnight in DMEM͞0.1% BSA. The cells were imaged the following day (Movies 1 and 2, which are published as supporting information on the PNAS web site). Fig. 2 shows the strong Golgi localization of GFP-Ocrl and relatively few peripheral punctae before serum stimulation. Upon serum stimulation, a large increase in the number of peripheral GFP-Ocrl-positive structures was observed. Interestingly, GFP-Ocrl is only seen on a subset of vesicular structures. Some Ocrl-negative vesicular structures accumulate Ocrl after serum stimulation (Fig. 2 Inset) . Two types of Ocrl-positive structures are present: individual punctae and larger vesicular structures that contain Ocrl around the rim. Many of the larger Ocrl-containing vesicles also contain one or more punctae of Ocrl accumulation along their membrane (Fig. 2 Inset) . We sometimes observe fusion events in which the small Ocrl punctae dock to the larger vesicular structure and stay associated with them along the rim for up to 30 s. Small Ocrl punctae can also be seen leaving the larger structures.
Based on IF analysis of fixed cells that showed that GFP-Ocrl colocalizes with EEA1, clathrin, and internalized Tf, those peripheral structures are probably endosomes (Fig. 1) . Tf is known to localize to clathrin-coated pits, early endosomes, and recycling endosomes. To determine whether the GFP-Ocrlpositive structures are identical to the highly motile clathrin-positive endosomal structures that were recently described by total internal reflection microscopy (16), we decided to image Ocrl, clathrin, and Tf in live cells.
Time-Lapse Microscopy Shows Moving Endosomal Structures Contain-
ing CFP-Clathrin, GFP-Ocrl, and Tf-Alexa 568. Cos7 cells were cotransfected with CFP-clathrin light chain and GFP-Ocrl and were serum-starved overnight. About 24 h after transfection, cells were incubated in 50 g/ml Tf-Alexa 568 DMEM͞0.1% BSA for 30 min. Sequential images of the three fluorophores were taken before and after serum stimulation. Images in Fig. 3a that were taken after serum stimulation show that CFP-clathrin, GFP-Ocrl, and Tf-Alexa 568 are localized on the same structures and move together in the cytoplasm (Movie 3, which is published as supporting information on the PNAS web site). This is the case for both the smaller GFP-Ocrl punctae and the larger vesicular structures. Almost all GFP-Ocrl-positive structures contain Tf, but only a subset of Tf punctae contain GFP-Ocrl. Similar to GFP-Ocrl (Fig. 2) , the number of CFP-clathrin punctae also increases upon serum stimulation (data not shown). Furthermore, we observed that Ocrl and clathrin often overlap on the endosomal membranes and that Tf is clearly associated with the same structures. Because the endosomes move rapidly and the different fluorophores were imaged sequentially, Ocrl and clathrin do not always overlap on the merged images even though they are on the same structure ( Fig. 3a and Movie 3, 19 s CFP-clathrin-GFP-Ocrl merge).
The live imaging thus confirms the colocalization of Ocrl and clathrin on Tf-Alexa-555-positive endosomes in fixed Cos7 cells (Fig. 1b) . To address our original hypothesis that Ocrl is involved in the trafficking of lysosomal enzymes, we decided to image Ocrl, clathrin, and the M6PR in Cos7 cells upon serum stimulation.
Time-Lapse Microscopy Reveals Colocalization of GFP-Ocrl, CFP-CD-
M6PR
, and dsRed-Clathrin on Endosomes. GFP-Ocrl, CFP-CD-M6PR, and dsRed-clathrin were transfected into Cos7 cells and analyzed 24 h after transfection upon serum stimulation by time-lapse microscopy. GFP-Ocrl, CFP-CD-M6PR, and dsRedclathrin generally colocalize in the Golgi region. Because of the thickness of the cells in the perinuclear regions, we were unable to see vesicular structures leaving the TGN. We did observe that CFP-CD-M6PR was present in GFP-Ocrl-and dsRed-clathrinpositive endosomal structures. As shown in Fig. 3b , all three proteins move together on these endosomes (Movie 4, which is published as supporting information on the PNAS web site). In Fig. 1c , we showed that the CI-M6PR is found in GFP-Ocrl vesicular structures that usually also contain Tf. Whereas only a subset of Tf-positive structures contains GFP-Ocrl, almost all of the CI-M6PR is associated with GFP-Ocrl both at the Golgi and at the endosomes, indicating that Ocrl may be related more to M6PR trafficking than to Tf receptor trafficking. Overall, the microscopy data implicate Ocrl in clathrin-mediated endosomal trafficking. We therefore analyzed the amino acid sequence of Ocrl for conserved binding motifs that are known to mediate interactions to clathrin and clathrin adaptor proteins.
Ocrl Interacts with the Clathrin Terminal Domain. We found the sequence 702 LIDLE, which is an LLDLD-type clathrin box motif, in Ocrl (Fig. 4a) (17) . Clathrin box motifs can mediate binding to the terminal domain of the clathrin heavy chain. Binding assays with GST-TD show that Ocrl does indeed interact with clathrin (Fig. 4b) . When we mutated the clathrin box in Ocrl to LIAAA, binding to clathrin was markedly reduced (Fig. 4b) . The finding that Ocrl interacts with clathrin is consistent with the colocalization of these proteins on endosomes.
Ocrl Binds to the ␣ Appendage Subunit of AP-2 (AP-2␣) and Copurifies
with Brain CCVs. We next searched for motifs that mediate binding to clathrin adaptor proteins and found that Ocrl contains an FxDxF AP-2 binding motif at residues 151-155 (Fig. 4a) but no F͞WXXF AP-1 binding motif (18) (19) (20) . GST binding assays with GST-AP-2␣, GST-AP-1␥, and GST-GGA2 (170-613) show that purified Ocrl directly interacts with AP-2␣ but only slightly with either AP-1␥ or GGA2 (Fig. 4c) . Mutating the 151 FEDNF sequence in Ocrl to 151 AEANF abolished binding to AP-2␣, indicating that the FxDxF motif is required for the interaction between Ocrl and GST-AP-2␣ (Fig. 4d) .
Because Ocrl interacts with both clathrin and AP-2, we decided to determine whether Ocrl is a component of CCVs. Synaptosomes were prepared from rat brain homogenate, and CCVs were purified from the synaptosomes. Fractions obtained during purification were analyzed by Western blotting for clathrin, AP-2, hepatocyte growth factor-regulated tyrosine kinase substrate, synaptotagmin, and Ocrl (Fig. 5) . The level of Ocrl in different fractions is proportional to that of AP-2 and clathrin. Interestingly, Ocrl is enriched in synaptic CCVs, which are also known to contain the inositol polyphosphate 5-phosphatase synaptojanin-1 (21) . To determine whether Ocrl is part of nonneuronal CCVs, we analyzed bovine liver CCVs and found that Ocrl also copurifies with them (data not shown). Because IF studies have shown that AP-2 is found in clathrin-coated pits at the plasma membrane (22) , and we do not see colocalization of Ocrl with clathrin-coated pits (data not shown). However, AP-2 has been shown to associate with endosomes in response to epidermal growth factor stimulation in A-431 cells (23) . The number of Ocrl-containing endosomes increases after serum stimulation (Fig. 2) , and it is possible that Ocrl interacts with AP-2 on endosomal membranes after growth factor stimulation. The function of AP-2 on endosomes remains to be clarified, and future studies are needed to address the significance of the interaction between Ocrl and AP-2.
Discussion
In this paper we present evidence through fixed and live-cell microscopy that Ocrl associates with clathrin-positive endosomes that contain M6PRs and Tf. We also confirm the previously published Golgi localization of Ocrl (14) . Ocrl has been localized to lysosomes in kidney epithelial cells (4) . This study relied partially on sucrose-treated cells to identify mature lysosomes. Such sucrose-laden structures have subsequently been characterized as lysosome-endosome hybrid structures that contain M6PRs and lamp-2 (24). Because we do not see any overlap between GFP-Ocrl and the lysosomal marker lamp-1, the origin of Ocrl on sucrosomes may have been endosomal rather than lysosomal.
Although GFP-Ocrl is found at the TGN and partially colocalizes with AP-1, we have obtained only weak biochemical evidence for a direct interaction with AP-1 or GGA2 (Fig. 4c) . Furthermore, the association of Ocrl with Golgi membranes was not affected in AP-1-depleted cells (data not shown). Because AP-1 recruits clathrin to the TGN, it is unlikely that either AP-1 or clathrin recruits Ocrl to Golgi membranes (25) . It will be important to determine whether Ocrl is on TGN-derived CCVs, an issue best approached with immunogold electron microscopy. It was recently shown that phosphatidylinositol-4-phosphate is important for the recruitment of the AP-1 complex to Golgi membranes (8) . Previous data have implicated a role for PtdIns-4,5-P 2 in the formation of CCVs at the TGN (7, 9) . It is possible that Ocrl is converting pools of PtdIns-4,5-P 2 to phosphatidylinositol-4-phosphate to regulate the formation of M6PR-containing CCVs.
Data presented in this paper raise the possibility that Ocrl functions on clathrin-, Tf-, and M6PR-positive endosomes. The number of CFP-clathrin-positive and GFP-Ocrl-positive endosomes in the cytoplasm was increased upon serum stimulation. This finding is consistent with data showing that epidermal growth factor stimulation can lead to increased association of clathrin, AP-1, and AP-2 with endosomes (23). After serum stimulation, the cells rapidly internalize ligand-activated receptors by receptor-mediated endocytosis (26) . The accumulation of membranes inside the cell might lead to an increase in number and size of endosomal compartments. Furthermore, the large number of receptors that are being internalized will require a high level of sorting, in which Ocrl, clathrin, and clathrin adaptors might be participating. We therefore routinely starve and subsequently serum-stimulate cells for imaging to increase the number of GFP-Ocrl-positive endosomal structures per cell. The clathrin on the endosomes appears to be relatively stable over time, although it does move around the endosomal membrane. An important issue to be addressed is whether we are imaging clathrin-coated buds or the bilayered clathrin that has been implicated in the sorting of receptors into multivesicular bodies (27) (28) (29) . We also plan to test whether Ocrl and AP-2 colocalize on endosomal membranes in response to serum stimulation.
How Ocrl might affect endosomal trafficking and the trafficking of which cargo molecules is regulated by Ocrl remains to be clarified. We show that Ocrl binds to clathrin and AP-2, and Ocrl copurifies with CCVs. Fractions were prepared as described by Maycox et al. (13) . H, homogenate; S1, postnuclear supernatant; P1, nuclei͞intact cells͞large cell fragments; S2, supernatant minus synaptosomes; P2, crude synaptosomes; LS1, mostly cytosol; LP1, plasma membrane͞coated pits͞endosomes; LP2, endosomes͞synaptic vesicles; LP3, CCV͞remaining synaptic vesicles; CCV, highly purified CCV. The amounts of total protein loaded onto gel were as follows: H, 22.5 g; S1, 8.25 g; P1, 40.5 g; S2, 6.4 g; P2, 9 g; LS1, 0.75 g; LP1, 29.25 g; LP2, 1.95 g; LP3, 0.75 g; CCV, 1.8 g. The blot was probed for clathrin and Ocrl and then stripped and probed for AP-2, the multivesicular endosome marker hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs), and the synaptic vesicle protein synaptotagmin (Syt).
